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.

Flowsurveyshavebeenmadeinthesecondofseveralnozzlestobe ‘
investigatedintheLangleyU-inchhypersonictunnel.,Thesingle-stage,
two-dimensionalnozzlewasdesignedbythemethodofcharacteristicsfor
a Mch numberof7.08withoutboundary-layercorrections.

Thetestresultsshowthatreasonablyuniformflowatanaverage
Machnuniberofabout6.86wasobtainedina centralregionofthestream
atthetestsection.Thisregionhada crosssectionned.y 5 inches
sqpsreandhada deviationfromuniformflowoflessthan1 percent’in
Machnuziberand0.3° in flow’angle.AnincreaseinMachnuziberof
about3 percentoccurredduringtestrunsofabout60secondsduration
becauseofdistortionsoftheboundariesatthefir&tminimumdueto
nonuniformheatingofthenozzleblocksduringthetests.

INTRODUCTION
,

Theincreaseinoperatingspeedsandaltitudesofpilotlessaircraft
hascreateda needforbasicaerodynamicdatainthehypersonicspeed
range.Inordertoprovidesuchdataandalsotoinvestigatetheprob-
lemsinvolvedingenerating.uniformhypersonicflows,anl.1-inchhyper- “
sonicwindtunnelhasbeenplacedinoperationattheLangleyAeronautical
.Laboratory.

!.

Twoofseveralproposednozzledesignsforthistumelhavebeen
tested:a two-stage,Machnumber6.98nozzleanda single-stage,Kch
number7.08nozzle.Thecharacteristicsofthetwo+tagenozzleare
presentedinreference1. Thepresentpaperisconcernedwiththe
single-stagenozzle;theresultsofthecalibrationsurveysarepresented
andsomeoftheproblemsandpeculiaritiesofthisnozzlearediscussed.
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settling-chamber
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localstagnation
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SYMBOLS

press&e

temperature,degreesRankine

temperature,degreesRankine

streamstaticpressure

wallstaticpressure

measuredimpactpressure

flowanglein
increasing

flowanglein
increasing

horizontalplane,positiveindirectionof
Y

verticalplane,positiveindirectionof
z

ratioofspecificheats(1.@O usedthroughout)

coordinateaxes

boundary-layerdisplacementthickness

APPARATUS

Generaidescription.-Thetunnelandequipmentusedintheoperation
ofthisnozzlehavebeendescribedindetailinreference1. Briefly,
thetunnelisoftheintermittenttypewitha high-pressuretankanda
vacuumtankofcapacitiesof@O and12$000CUbicfeet$respectively.A
heatexchangeriswed towM* stagnationt=w=aturesUPto 1300°R.
Theheatexchangerusedinthepresenttestsincorporatedsteeltubing
inplaceofthecoppertubingpreviouslyused.Thecopper-oxidescale,
mentionedinreference1 wasthuseliminated.

A variable-areasupersonicdiffuserhasbeeninstalledsincethe
completionofthetestswiththetwo-stagenozzle.Itseffectonthe
operationofthetunnelistoincreasethelengthofa typicalrunfrom
abotit30.secontitoa max- ofabout90Seconds.
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Anotherchangeaffectingtheoperationofthetunnelistheinstal-
lationofa pressureregulatorvalveupstreamoftheheatexchanger.
Thevalvecouldbe setsoastomdmtain a constantsettling-chmiber“
pressurethroughouta runintherangefromapproximately2 to28
atmospheres.

Nozzle.- Thenozzlecontourwasdesignedbythemethodofcharacter-
istics.Nocorrectionforboundarylayerwasmade.Thecharacteristics
netforthenozzlewasdesignedto~nd theflowintwodimensionsto
a &ch nuniberof7.08.Thetestsectionwas10.51incheshigh,andthus
thefirst-minimumorthroatheightwas0.096inch.Thewidthofthe
nozzlewas9.95inches.A vieyofthenozzlewiththesideplate
removedisgiveninfigure1,whichillustratesthesmallrelativesize
ofthethroat.Theusualmethodofdesi&nwasused,whereinthearbi-
trarypartofthenozzlecontourwasformedbya fairedcurvethrough
themidpointsof14straight-linewallincrements.Eachincrementwas
turned2°outwardwithrespecttotheprecedingoneandhada fixed
projettedlengthofone-halfthethroatheight.Thecalculatedcontour
ordinatesaregivenintableI. ,

Thenozzleblocksweremachinedtoanaccuracyoftheorderof
0.001inch;however,a permanentwarpageofthenozzle blocks ofasmuch
as0.005inchhassincebeenobserved.Thenozzleisoffabricated
constructionasshowninfigure2. TheSUPWrtmenibersandsideplates
aremadeofplaincarbonsteelbutthecontouredwallsareofstainless
steeltoavoidcorrosion. #

~STRWENMTION

Theinstrumentsusedforobtainingtheflowmeasurementsinthis
nozzleareinmostrespectsthesameasthoseusedinthetwo-stage
nozzle(reference1). Furtherdiscussionastotheaccuracyofthe
pressurerecordinginstrumentsisdestiableherein,however,becauseof
thelowerrangeofoperatingpressures.

ThemaximumerrorofthepressureceKlscanbeheldto0.01inch
ofdeflectionwithcarefulcalibrationanduse.Fu31-scaledeflection
fromallcellsisapproximately2 inches;therefore,theaccuracyof
anyparticularreadingdependsontherangeofthecellusedandthe ‘
pressuremeasured.Thelowestrangeandhencethemostaccuratelow-
pressurecell.availableatthistimeisonewitha rangeofO to0.8inch
ofmercury.Thistypeofcellisaccurateto2 percentattherangeof
staticpressuresnormallyencountered
instrumentscannotbeusedbecauseof
andthevariationsinflowconditions

inthe.testsection.Moreaccurate“
theshortdurationsoftheruns
withtime.
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METHODSANDPROCEDURES

“

.
.

Wallpressures.-Wallpressuresalongthenozzleareobtainedfrom
O.025-inch-diameterorificesintheside-wallplates.st=ltid+-~ch
brassfittingsandcopperorneoprenetubingareusedtotransmitthe
wallpressurestotheinstruments.

Streamstaticpressures.- Streamstaticpressuresaremeasuredwith
%eedle”probes.TIEprobeconsists.ofa cone-cylinderbody1/8inchin
diameterwithfourpressure.orifices0.025inchindiameterdrilled90°
apart~oundtheperipheryof*W cYl~der~b ordertodeterminethe
bestprobeproportions,aninvestigationwasmadeoftheeffectof
orificelocationandconeangleontheyreszuresmeasured.Theoretical
calculationsataMachnuuiberof”6.75”andforanincludedconeangleof
20°showedthatthesurfacepressureonthecylinderwas93percentof
streampressureat16diametersfromtheapexofthecone.Experimental
resultsshowedthatwithanincludedconeangleof10°nomeasurable‘
.differenceinsurfacepressurecould‘beobtainedfrom8“toM *ters .
fromtheapex.Variationoftheconeanglefrom10°to~“ producedno
c-e inpressureat16diametersfromtheapex.However,themeasured -1

pressurewassensitivetothedistanceoftheorificesfromtheprobe
supportstrut.Satisfactoryresultswereobtainedwiththeorifices ..’
locateda minimumof16diametersfromthes~oti Strut.

he testsindicatedthata probewithanorificelocationof
16diametersfromtheapexand30diametersfromthestrutandan
includedconeangleof10°willmeasurestreamstaticpressureswithin
theaccuracyofthepressureinstruments.Theseprobeproportionswere
usedonthestaticsurveyrakeillustratedinfigure3. Theleadout
ttiestothepressurecellsareabout3 feetlongandhaveaninside
diameterof1/8inch.

Thetimeresponseofthissystemislessthan10secondsfora
changeinpressurefrom2 inchesofmercurytowithin2 percentofa
finalconstantvalueof0.2inchofmerti. TheeffectoflagW-
minimiz&dbyevacuatingthenozzleandpressureinstrumentstolessthan
2 inchesofmercurybeforea run. -

Thecenter-linesurveyofthestreamstaticpressureswasmadewith
a single-needleprobe.Theneedleitselfisabout1$timesLxrger.than
buthasapproximatelythesameproportionsasthoseonthestaticrake.

Impactpressures.-Theimpact-pressuresurveysweremadewitha
rakesimXkrtothe~tatic-pressurerakeinfigure3. Thestatictubes
shown,however,werecutoffsquare3/4inchfromtheleadingedgeof
theraketoformimpact-pressuretties.Thediameteroftheopeningin
theendofthettlbesisone-halftheoutsidediameterof‘thetubes.

. .
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Stagnationtemperalhlre.-Thestagnation-temperature,surveyswere .
madewiththetemperatureprobedescribedinreference1. Althoughthe
temperaturemeasuredbythisprobemaybeasmuchas2 percentlower
thanthetruestagnationtemperature,comparativevaluesina survey
shouldhemuchmoreaccurate.

Flowangles.-A 10°wedgeofg-inchspanand2-inchchordwasused
tomeasureflowangles.Thewedgehassevenpairsofopposingorifices
1 inchfromtheleadingedgeand1 inchapart.Thedifferencein
pressureacrosstheopposingorificesandthelocalMachnuuitierfrom
thestatic-andimpact-pressuremrveyswerethenusedtocalculatethe
localflowangle.

olJER&rIr?GCONDITIONS

Forthep&poseofmakingcalibrationsurveysofthenozzlecertain
operatingconditionsareheldtocloselimits.Thesettling-chamber
tenpratureismaintainedabove1100°R toavoidthepossibilityof
liquefactionoftheairinthetestsection.Themaximumdewpointis
~0° R ata pressureof1 atmosphere.Mogressivechangesinflowparam-
etershavebeenfoundtooccurifbothoftheseconditionswerenot
satisfied.

\
Thestagnationconditionsfora typicalrunareshowninfigure4.

Thesettling-chamberpressureP. isheldconstantbythepressure
regulati.ngvalveafterthefirst5 secondsofrunningtime.The
settling-chambertemperatureTo isessentiallyconstantforthelast
30secondsoftherun.Thisfigurealsoshoysthevariationwithtime
ofthestreamstaticandimpactpressuresinthetestsection.

ThetestReynoldsnuniberperfootoflengthis
becauseoftheI&h
theReynoldsnu?iber
of25atmospheres.

velocityandthelowviscosity.
perfootisabout3 x 106fora

relativelyhigh
Atthetestsection
stagnationpressure

RESULTSANDDISCUSSION

Variationofflowpropertieswithtime.-Theresultsofa typi&31
runshow“thatthestreamstaticandimpactpressuresinthetestsection
decreasewitht~. Thiseffect
obtainedandinmostofthewqll
section.

.

. ..- --- .. ---- ..-— ..— ----- ,—...—_

waspreseniinall.streampressuredata s
static-pressuredataaheadofthetest

.
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Thepressurechangesindicateabouta 3-percentincreaseinstream
Wch nuuiberduringthetimeintervalfrom10to60seconds.The
pressuresmeasuredintheportionoftherunfromO to10secondsmust
belargelyignoredbecauseoftherapidlychangingconditionsandbecause
ofinstrumentlag.

.

.

Thechangingflowconditionsinthestreamcanbeaccountedforby
aninwardmovementoftheeffectiveboundaryatthethroat.Becauseof
theslitltieconfigurationofthethroata smallchapgeinitsdimen-
sionsresultsina relativelyl=gepercentagechangeinitsarea.Thus
antiwardmovementofboththetopandbottomeffectiveboundariesof
about0.006inchchangestheeffectiveone-dhensionalarearatioenough
toincreasetheKch numberby3 percent.

Measurementsshowt~t thenozzle-blockshavetakena permanentset
intheregionofthethroat.Thelargestdeflectionisinthecenterof
theblockssuchthatthethroatopeningissomewhatoval-shapedwithan
averageincreaseintheZ_rdinateof0.004inch.Thelargestresses
necessarytocausethispermanentsetprobablyoriginatedfromthenon-
uniformheatingoftheblocksdur~ a run. Sincethesetemperature
stresses=e ofsul?ficientmagnitudetocausea permanentset,itseemed
reasonabletoexpectmeasurabledeflectionsduringa run.

n

Accortin@yJ
severaldialindicatorsweresetupalonga ltieparalleltotheY-axis
at X= O. Theindicatorswerearrangedtobearatpointsabout1/2inch
fromtheinsidesurfaceofthenozzlecontourasshowninfigure2.
Threeindicatorswerelocatedatthetopandthreeatthebottomofthe .
nozzle.Inordertoshowanyrelativechangeinthethroatopening,all
sixindicatorsweremountedonthesameframewhichwassuspendedfrom
a singlepointatthetopofthenozzle.Ata stagnationtemperatureof
1150°R,”themeasurementsshowedthatboththetopandbottomsurfaces
werewarpinghwardattherateofabout0.001inchevery10secondsat
Y= O. Atthesidewallsthedeflectiondecreasedtoessentiallyzero.
At 60secondstheZordinateinthethroatat Y = O wasabout0.002
inchlessthanthedesignvalueof0.0479inch.Duringthetimeinterval
from10to60secondsthethroatareathusdecreasedfrcmapproximately
0.508toO.k61squareinch.Withintheaccuracyofthedata>thischange
issufficienttoaccountfullyfortheincreaseinkch numberwithtime
observedinthetestsection.Ata stagnationtemperatureof530°R no
measurabledeflectionwasobtainedandthepressures‘inthetestsection
wereconstantthroughouttherun(exceptforlageffects).

Anotherpossiblecontributingfactorfora partoftheMachnumber
variationwithtimeisanincrease“inboundary-layerdisplacementthick-
ness6* astheinsidesurfacesofthenozzleblocksbecomeheated
duringa run.Estimatesbasedonsimplifiedmethodsofboundary-layer
calculationwithnoheattransferindicated>however,thattheboundary
layerinthethroatwassothinthatevenM itweredecreasedby
100percentthechangeintheeffectivethroatareawouldbe small
comparedwiththechangescausedbywarpageofthenozzleblocks.

.

,
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Variationofflowparameterswithsettling-chamberpressure.-Stream
pressuresurveysweremadeat(55.8)0,z)ttioughar-e ofset*l@-
chaniberpressuresfrom25to3 atmospheres.Thestagnationtemperature
wasmaintainedabove1110°R. Theaveragesofthepdessureratiosat
severalverticalstationsareplottedinfigure5 asfunctionsof Po.
TheI&chnuaiberasobtainedfromp@t isalsoplotted.Thefigure
showst,ktthechangeinthestatic-andimpact-pressureratiosissuch
thatthe”kchnuniberisalmostCOIIStaddowntoa Valueof P. of
12atmospheres.Below12atmospheresthepressureratiosincreasemore
rapidlyandindicatethattheMachnuuiberdecreasestoabout6.2 at
Po= 3 atmospheres.TheexactdecreaseintheKch numberisnot
certainbecauseofthedti?ficultyofobtainingaccuratemeasurementsof
thestaticpressureoverthelowerrangeofsettling-chaniberpressure.
Measurementsofshockanglesfromthestaticprobes}howeverjresultin
a Machnumberdecreaseofaboutthesamemagnitudeasobtainedfrom
pressuredata.ItisthusfairlycertainthattheaveragestreamMach-
numberat PO= 3 atmospheresisbetween6.00and6.h(l.Comparisonof
thesevalueswiththeisentropichch numberfromthetipact-vessure
data,forexample>showsthata total-pressurelossofabout20percent
occursfortheinitialstagnationpressureof3 atmospheres.A possible
causeforthistotal-pressure10Ssisa seriesofcompressionwaves
whichappeartoexistatthelowpressures.Thepresenceofthesewaves
wasindicatedbythetypeofstatic-pressuredistributionobtainedat
lowdensities.
boundarylayer
lowdensities.
thestreamare
Somereduction
toresultfrom

‘Thein&ct-pressuredistributionsshowedthatthe
inthetestsectionhadnotthickenedappreciablyatthe
Forthesereasonstheviscouseffectsinthecenterof
probablynotthemaincauseofthelossintotalpressure.
inheattransfertothenozzleblocksshouldbeexpected
thelowerdensity.Thisreductionwouldcauseonlya

verysmalldecreaseinMachnumberascomparedwiththechangethat
occursfrom12to3 atmospheres.

. Calibrations&veys.- In.ordertodeterminetheflowcharacteristics
inthenozzle>stagnationconditionsweremaintainedatabout25atmos-
pheresandapproximately1200°R. Thedewpointatatmosphericpressure,
waslessthan~0° R. Alldatapresentedweretaken60secondsfromthe
beginningoftherunsinordertominimizetheeffectofnozzlewarpage
withtime.Thewarpageoftheftistminimumduringtheheatedrunsis,
ofcourse,sffectedby severalfactorssuchasthestagnationtemperatures
theinitialtemperatureofthenozzleblocksjstagnationPressurejand
eventhevariationofthetemperatureandpressurewithtime.Ingeneral>
forthecalibrationruns>theseconditionsdonotvarygreatlysothat
theirindividualeffectsaresmall;however,scatterinthedataresults.
Thefirstseveralrunsmadewiththenozzlehavenotbeenusedbecauseof
difficultyinrepeatingthedata.Thenozzlewasprobablyacquiringthe
permanentsetinthethroatregionduringthesefirstruns,andtherefore
progressivechangesintheflowoccurred.

. .
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Staticpressuresweremeasuredata largenmiber‘ofpointsonthe
parallelwalk ofthenozzle.Theresultsofthissurveyarepresented .
aspressurecont~ linesinthelowerhalfoffigure6. Forcomparison.
thetheoreticalcontoursareshownintheupperhalfofthefigure.The
orificelocationsare-indicatedby smallcrosses.

%Theactualcontourlinesupstreamfromt$eregionof — = 3x 10”4
Po .

areingoodageementwiththe“theoreticalcontours.Downstreamfrom
thisregiontheflowdeviatesfromthetheoreticalflow.Howeverjthe
gradientsar-erelativelysmallinthisregionandthecontourplotover-
emphasizesthedeviations.Sinceboundarylayerwasignoredinthenozzle
design,theflowisnotexpectedtoconformexactlytothepotentialflow.
DownstreamfromX = 45 the @adientsmaybeinfluencedslightlyby
smafileaksinthewallsofthenozzle.~ese leakshadnoeffectin
thecentralportionofthestreamintheregionofthetestsection
becauseofthesmallWch angle?oftheflow. !-

1
TheMachnuniberalongthecenterlineoftheparallelwalls-was

determinedfrom*/p. for 7 = 1.kOO.TheresultingMachnumberdis-
tributionisplottedinfigure72whichincludesthetheoreticaldis-
tribution.TheMachnwxiberdecreasesasthetestsectionisapproached. d
andisalwayslowerthanthemaximumtheoreticalMachnumber.

Staticand@act pressuresweremeasuredalonga partofthe .
longitudinal-s ofthenozzle.Thissurveyextended‘frcmthecenter
ofthetestsection(55.8}0$O)toa pointabout16inchesupstream.The
dataarepresentedinfigure8 astheratiooflocalpressuretosettling-
chamberpressure.ComparisonoftheWch nuniberdistributionsasobtained
frompl/poand ~spo showscloseagreement.Thisagreementindicates

{thattheflowalongheaxisisnearlyisentropic;however,thelravy
.distribtiionindicatesthata seriesofweakcompressionandexpansion
wavesarepresentalongthecenterline. .

Completesurveysweremadeofthestaticandimpactpress~esin
theplaneperpendiculartothelongitudinalaxisofthenozzleat .
X = 55.8. !fheresultso~thehorizontalsurveysat.Z= 1,-1,andO
areshowninfigure9. Theresultsoftheverticalsurveysat Y = 2,
0$and-2areshowninfigure10. Thefairedcurvesrepresentaverages
ofa largenmiberofruns. .

Mostofthestatic-pressuredatashowanappreciableamountof ‘
scatter.Sincethestaticpressureisverylow(about0.2in..Hg),
about3-percenterror‘isduetoinstrumentationdifficultiesandmeas-
uringtechnique.Muchoftheremainingscatterisduetothesensitivity
oftheflowtosmallchangesintheboundariesatthenarrowslitlike
throat. Factorsthatcausethesechangeshavebeendiscussedpreviously.

,

y

.
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Theimpact-pressuredistributionsinfigure9 indicatethepresence

ofa boundary-layerdevelopmentwhichseemstobe‘characteristicoftwo--
dhensiotilno’zzles.Thistypeofboundary=layerdevelopmentisthelow-
velocityregionthatextendsfartherintotheflowalongthecenterline
ofthesideplatesthanoneithersideofthecenterline:.Thesane-type
ofboundary-layerdevelopmentwasencounteredinthefirstqpansionof
thetwo-stagenozzle(reference1)....

TheI&chnum”erdistributionsinthetestsectionarepresentedin
figures1.1.and12ascalculatedfromtheratiosP1/PoJpt/po}and
P1/Pt*Thelastratioinvolves-onlylocalmeasurementsandltsuseto
determinethekch numberdoesnotrequireanyassumptionsregardingthe ,
characteroftheflowinthenozzle.However,athighlkchnuzibersthe
functionM(pl,pt).isex$remelysensitivetosmallchangesinthe
ratiop~pt. Forthisreaqon}iftheflowisisentropicjthevalues
of M asobtainedfromp~po and Pt/Po<maybemorereliable.The
Machnumbercurvesoffigures11and12werecomputedfromthefatied
pressurecurves(figs.9 and10).TheMachnumberdistributionis
reasonablyuniformina region6 incheshighby5 incheswidecentered
ontheaxisofthetunnel.Theaverage~ch numberinthisregionis
about6.86.-Thegoodagreementbetween‘(PD.Po) =d M(WjPo).-tithiS
centralregionbdicatesthattheflowisve~ nearlyisentropic.

Flow-anglesurveysweremadeintheYZplaneat X = 55.8.The
pressuredifferericesacrosstheoppositesurfacesofa 10°wedge’together
withthelocallkchnumbersfromfigures11and12wereused.tocompute
theflowanglesfromtheoblique-shobkequations.Typicalresultsare
showninfigure13,inwhicha-positivevalueof ~h istakenasthe s . ‘
horizontalflowdeflectioninthedirectionofincreasingY anda
positivevalueof Gv istheverticalflowiieflectioninthedirection
ofincreasingZ. Figure13(b)indicatesthat.theflowdivergessltghtly .
in theverticaldirectionfmm thetunnelaxis..ThisdivergenceIsless “
than0.3°withina regionnearly5 inchessquareinthecenterofthetest
section.Figure13(a)sh&wsa slightconvergencetowardthecenterat
.Z= O anda slightdivergence2 inchesaboveandbelowthisstation.In ~
figureQ(b)thecurvesat Y = O and Y = 2 appeartobeasymmetrical
inregardtothelineof Cv= O. !l?ldseffectisdueprimarilyto . “
inaccuracie=ihconstructionofthewedge.Theseinaccuraciesandthe ,
errorsinsettingtheangleofattackresultedina maximumerrorof
about0,.2°intheflow-angledata.

..
Stagnation-temperaturesurveysweremadeintheYZplaheat X = 55.8.

Theresultsofthesesurveysarepresentedinfigurelkastheratiosof
theabsolutestagnationtemperaturetotheabsolutesettling-chamber
temperature.Thefigureindicatesthatanapproximatelyconstanttemper-
aturerecoveryof98percentorbetterexistsina regionwhichcorresponds

.— ..- .. —- .-. ..——-.. .-.. — ...--. — - . ..— — .- — -- .=- —— —— —— - —- --.. . . . ....- -
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roughlytotheregionofconstantstaticandimpactlmessureb.The
sharppeaksinthecurvesof TO*/!T!oforthehorizontalcenterplane ‘
(Z= O)areapparentl~causedbythelargeamountofheatconducted
towardthefreestreamasa res@.tofthelargestatic-temperature
gradientsbetween”Y = 2.75and3.5 at Z=-o.

Generaldiscussionofthenozzlecharacteristicsandcorrelation
ofthedata.-Thecenter-linedistributionofimpactpressures(fig.8)
andtheassumptionofzeroflowanglealongthecenterlinewereusedto
constructa characteristicsnet@ a portionofthe.nozzle(fig.15).
Thenetwasextendedto(55.8jOjZ)byassumingthatanyadditionaldis- .
turbancefrcmuthewallwouldnotchangetheflowjasindicatedin - “
figure-15.Theresultsofthecalculation,areinagreementwiththe
inipact-pressureandflow-angle-dataat(55.8)O)@withinthescatterof
thedata.Sincethe.assumptionsinregardtotwo-dimensionalflowmay
notbe strictlycorrectandsincetheaccuracyandextentofthedata
arelimited,theagreementobtainedbythismethodmaybesubjectto
qualtiication.

Boundary-layergrowthalongthenozzlecontourwascalculatedly
-usinga ~-powervelocitybofileandthedensityandkinematicviscosity

7
atthewalltoevaluatethelocalskin-frictioncoefficient.Thepres-
suregradientbasedonthe*potentialflow’Jsused.Thesecalculations
resultedina valuefor b ofabout0.6inchat X = 55.8.fitegra-
tionofthesurveydatagaveanactualvalueof 5* between0.70and
~O.~ inch}dependihg”onthetemperatureprofileasstid.Thecalcula-
tionalsotidicatedthattheboundary-layergrowthisapproximately~
linearatanaverageangleof0.7’Owithrespecttothesurface..

Theresultsfrom-streamstatic-andimpact-p&suresurveysalong
theaxisofthenozzleindicatethepresenceofa seriesofcompression
ande~sion waves.Theeffectsofthesewavesaredifficulttomess- “
ureintheYZplanebecauseofthesmallMachangles..Thetotal-pressure
lossandeffectofthewavesonthefloware,negligiblysmallatnormal
operatingpressures.Askhesettling-chaniberpressureisdecreased,a

. lossintotalpressureas”indicatedbythemagnitudeofthedecfiasein
Machnumberisnoted.

Atnormaloperatingpressuresthenozzleproduces”anisentropic-
flowregion6 incheshigh.by5 incheswi~ wherethemaximumvariation
fromtheaverageMachnuniberof6.86isabout1 percent.Thean@lar
deviationsfromparallelflowinthisregionarelessthanl~andina
radonnearly5 inchess~ae flow~les ~re lessthan.003● Studies
in&cated.tl&t-the
slitl~ethroat.

Comparisonof
fromthetwo-stage

flow%s sensitivetochangesintheboundaryatthe -

there@ts frmnthes-e-stagenozzletiththose
nozzle(reference1)showsthatthesingle-stage

.

.

.
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nozzleisfarsuperiorinallrespectsexceptin
numberwithtime.Thetwo-stagenozzlewithits

thevariation
nearlysquare

mintiumdidnotsufferfromfirst-minimumboundarychangewith
ofthenozzleblocksandconsequentlyhadnovariationofMach
withtime.Themoreuniformflowandflowanglesontheorder

11”
..

ofhch
first
heating“
nuniber
of1/10

ofthoseinthetwo-stagenozzlemakethesingle-stagenozzlemoresuit-
ableforuseatthisWch number.

SignificantimprovementOftheflowinthisnozzlecouldprobably
beobtainedbycorrectingthenozzlecontourfor,boundarylayer.Refine-.
mentsofthisnaturearenotwarranted,however}untilthemoyepronounced
warpageeffectshavebeeneliminated.

CONCLUD~G,-RIMIRKS

Flow_ys madeintheLangleyn-inch
shownthata single-e~sionnozzleproduces

hypersonictunnelhave
reasonablyunifoqmflow

withanaveragefree-streamMachnumberof6.86. Thenozzlewasdesigned. fora Machnuuiberof7.08bythemethodofcharacteristicswithno
boundary-layercorrections.Calibrationsurveysweremadeata stagna-
tionpressureof25atmosphere%anda stagnationt-rature of1210°R. .
Isentropicflowwasobtainedatthetestsectionina regionapproxi-
mately6 incheshighby5 incheswidewherethemaximumdev~tionfrom
theaverageMachninnberwasabout1 percent.Theangularflowdeflec-
tionsinthisregionwerelessthan1°,andina regionnearly5 inches
squarethefl.uwdeflectionswerelessthan0.3°.

Thetest-sectionMachnumberwasfoundtoincreaseabout3percent
fromthebeginningtotheendofa 60-secondtestrun.Thisvariation
wasfoundtobecausedprimarilybywarpageofthenozzleblocksnear
.thethroatofthenozzleduetolargetemperaturegradients. ,

Decreasingthesettling-chamberpressurehadnoappreciableeffect
ontheWch numberdistributionsuntilthepressurewasdecreasedbelow
12atmos~heres.Below12atmospherestheMach.nunberdecreasedrapidly
withdecreasingsettling-chsniberpressure.

,..
LangleyAeronauticalLaboratory “

NationalA@isoryCommitteeforAeronautics
lkngley~eld,Vs.,September25,1950 .
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Figure 1.- View of the nozzle with Bids plate removed with thewe~ smy

probe sbnwn mountedinthetestsection.
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I
.-— —.-

—,- .- .--.=- -,
. . . . . . . . . . . .

. ..r..”, . ...-..,,’ ,“, -.,.



i

“i
..

..1.

I
:1

:.

I
.,

1

#
“.

i
1

,;

:-!

1.0

$
.9

.B E
-6 -4 -8 -2 . -1 0 1 8 a ‘4 6

Y,Imtf3

Wel
.,

la

(

,9

.8
-6 -4 -a -2 -1 0 1 a a“4 5

2,hdm

Figure lk.- Fkwults of @agnAion-terqeratum surveys at X = 55.8.

mu

. 10
1%w

,,

&i
I



Lg

s -
E=d9- ‘rqtmOnOO 1

4
-b—1,- >

‘n-i-b-l’“

q.1 * M

Figure ~.- Correlation of impwt-pressure data alcmg the tunnel axis
with Inpct-pressure sad flow-angle data at X = ~~.8 and Y .0 by
constructionof a characteristicsnet.

.

,i
I

.:

L 1
r c


